Figure 1. X-Mre11 Is Homologous to Human Mre11
The deduced amino acid sequence of Xenopus Mre11 was aligned with the sequence of the human Mre11 protein using the Geneworks program (Intellegenetics). Amino acid identities are boxed in yellow. rified protein was used to generate rabbit polyclonal antibodies. The antiserum recognizes the recombinant The role of Mre11 in the DNA damage response is still elusive, in part because it is an essential gene (Xiao and protein from E. coli lysates (data not shown) and a single polypeptide on Western blots of Xenopus egg cytosol Weaver, 1997; Yamaguchi-Iwai et al., 1999) and because it is involved in several aspects of the response (Haber, (Figure 2A , first lane). When used for immunodepletion, the antibody quantitatively removes X-Mre11 from the 1998). To circumvent these difficulties, we decided to study the functions of Mre11 in cell-free extracts derived extract ( Figure 2A , third lane). from Xenopus eggs. These extracts faithfully recapitulate DNA replication and mitosis, as well as the DNA X-Mre11 Is a Phosphoprotein damage checkpoints that regulate these events. We Several proteins involved in the DNA damage response demonstrate that the Xenopus homolog of Mre11 are phosphorylated in response to ionizing radiation. (X-Mre11) is phosphorylated during DNA replication or Because radiation generates a variety of aberrant DNA after exposure to DNA carrying double-strand breaks structures, we asked if a defined radiation product, (DSBs). Mre11 complex is essential to produce normal DSBs, could induce X-Mre11 phosphorylation in Xeno-DNA replication products. Depletion of X-Mre11 compus interphase extracts. Western blot analysis revealed plex from extracts leads to the dramatic accumulation that a fraction of the X-Mre11 migrated slower on a of DSBs during DNA replication. However, the ATMpolyacrylamide gel after exposure to DSBs ( Figure 2B , dependent DNA damage checkpoint that operates at lane 3). This fraction represented phosphorylated X-Mre11, the onset of S-phase is unaffected by X-Mre11 complex because the band was eliminated by phosphatase treatdepletion. ment. Interestingly, phosphatase treatment converted X-Mre11 from control or DSB-treated extracts into a polypeptide that migrated faster than X-Mre11 ( Figure  Results 
Mre11 and

2B, lanes 2 and 4).
To confirm that X-Mre11 is a phosphoprotein and that Cloning of Xenopus Mre11: X-Mre11 Using a PCR strategy with degenerate oligonucleotide its phosphorylation increases following incubation with DSBs, X-Mre11 was immunoprecipitated from ␥- protein. We confirmed the accumulation of DSBs in depleted We then performed experiments to demonstrate that, in fact, DSBs arise during normal DNA replication, and extracts with an assay unrelated to TdT end-labeling. Histone H2AX, phosphorylated at serine residue 139 that, furthermore, activated X-Mre11 complex plays a role in their repair. We designed a TUNEL-based assay (phospho-H2AX), is found in association with DSBs in chromatin (Rogakou et al., 1998). We obtained an antito monitor the accumulation of DSBs during DNA replication in the presence or absence of X-Mre11 complex body against mammalian phospho-H2AX and demonstrated that it recognized the Xenopus homolog. Sperm (see Experimental Procedures). Nuclei were replicated in control or in X-Mre11 complex-depleted extracts. At chromatin was partially digested with restriction endonuclease NotI to create DSBs. The chromatin was incu-100 min after incubation, the postreplicative genomic DNA was extracted and end-labeled using terminal bated for 1 hr in interphase extract, then purified and probed with the phospho-H2AX antibody. Phosphotransferase (TdT) and radioactive deoxynucleotides (Figures 5A-5C . This establishes that X-Mre11 quantified the concentration of DSBs following induction of apoptosis. Nuclear end-labeling in extracts complex is not required for the ATM-dependent checkpoint that prevents initiation of DNA synthesis following treated with cytochrome C was 7-fold higher than in depleted extracts ( Figure 5C, column 4) . This establishes DNA damage. 
X-Mre11 Binds to Chromatin and Is Activated
Discussion
the complexes formed with X-Mre11 is also conserved. When X-Mre11 immunoprecipitates were probed with an antibody against mouse Rad50, we observed a 150 Regulation of Mre11 Activity We isolated the Xenopus homolog of Mre11 (X-Mre11) kDa crossreacting protein similar in molecular weight to mouse Rad50 (data not shown). This observation and showed that it is similar to other Mre11 family members, from yeast to human (Haber, 1998 whereas nuclei replicated in depleted extracts showed phosphorylation is not known. However, the reaction is fragmented chromosomes and assembled grossly absensitive to 5 mM caffeine. This pattern of inhibition is normal spindles (data not shown). similar to the mammalian ATM-related (ATR) kinase.
In theory, DSBs could be generated in several ways Finally, we showed that X-Mre11 is phosphorylated during replication. They could arise if a replication fork in control extracts. Addition of DSBs induces phosphorpassed through a nicked DNA template or from failure to ylation at additional sites, as evidenced by a shift in repair DNA adducts induced by DNA modifying agents. apparent molecular weight on SDS-PAGE gels 
3-Extended Oligonucleotide Templates Experimental Procedures
5Ј-labeled double-stranded oligonucleotides were extended at their 3Ј end by incubation with 50 U of terminal transferase (Gibco) in Cloning of the Xenopus Homolog of Mre11 To isolate X-Mre11 cDNAs, we synthesized degenerate primers that presence of 50 M dATP in 100 l reaction consisting of 100 mM potassium cacodylate (pH 7.0), 1 mM CoCl 2 , and 0.2 mM DTT, for correspond to coding sequences for amino acids highly conserved among the Mre11 proteins from human, mouse, Caenorhabditis 30 min at 30ЊC. After heat inactivation for 10 min, the reaction mixture was passed through a G50 Sephadex spin column. elegans, Saccharomyces cerevisiae, and Schizosaccharomyces
